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I.  Introduction  and  Background 


The  U.S.  Air  Force  has  shown  recent  Interest  In  the  use  of  thrust 
reversers  on  future  models  of  fighter  aircraft.  Thrust  reversers  are 
being  considered  for  use  both  as  a  tactical  maneuvering  device  in  the 
transonic  speed  range,  as  well  as  for  more  conventional  use  during  the 
landing  mode. 

A  number  of  problems  can  arise  when  thrust  reversers  are  used  on 
aircraft.  One  particular  problem  that  can  occur  when  thrust  reversers 
are  deployed  in  flight  is  the  attachment  of  the  reversed  jet  to  the 
aircraft  afterbody  and  fuselage.  This  phenomenon  has  been  reported  in 
wind  tunnel  tests  of  full  size  aircraft  in  references  1  and  2,  and  for 
model  scale  wind  tunnel  tests  in  reference  3. 

The  current  research  is  for  the  purpose  of  developing  a 
theoretical  method  for  predicting  conditions  under  which  a  reversed 
exhaust  jet  will  attach  to  an  aircraft  afterbody.  The  original 
proposal  for  this  research  is  reference  4. 

11.  literature  Survey 

The  thrust  reverser  flow  attachment  is  basically  a  variation  of 
the  Coanda  effect.  The  Coanda  effect  finds  one  of  its  more  useful 
applications  in  the  field  of  fluidics.  Therefore,  some  of  the  work 
reviewed  is  related  to  f'uidics. 

One  of  the  earliest  analyses  of  Coanda  effect  that  was  studied  in 
detail  was  the  work  of  Bourque  and  Newman5.  Bourque  and  Newman 
developed  a  simplified  theory  for  predicting  jet  attachment  distance 
for  a  two-dimensional,  Incompressible  jet  exiting  near  an  adjacent 
flat  plate.  In  this  studiy,  the  surrounding  fluid  was  at  rest. 


Experimental  data  were  also  reported  and  compared  with  the  theory. 

The  agreement  was  generally  fair  to  good. 

Bourque  and  Newman  described  the  jet  attachment  hysteresis  effect 
In  terms  of  the  range  of  angles  over  which  an  incompressible  jet  would 
attach  to  an  adjacent  sidewall.  It  was  found  that  the  flow  could  be 
attached  or  detached  depending  on  how  the  flow  was  initiated. 

Perry6  developed  a  theory  for  predicting  reattachment  location 
for  an  incompressible  jet  by  making  several  improvements  to  the  theory 
of  reference  5.  Perry  compared  his  theory  with  his  own  experimental 
data  as  well  as  the  experimental  data  of  reference  5,  and  it  was  shown 
that  some  Improvement  was  obtained  in  the  agreement 'between  theory  and 
experiment. 

Olson7  extended  the  above  studies  to  two  dimensional, 
compressible  flow,  and  compared  the  theory  to  test  data,  Olson's 
theory  Involved  a  trial  and  error  numerical  procedure.  Two  values  of 
constants  that  appear  in  the  theory  had  to  be  evaluated  from 
experimental  data.  The  theory  was  developed  to  handle  both  setback 
and  slope  of  side  walls. 

In  reference  8,  an  experimental  study  was  made  of  the  effect  of 
jet  Reynolds  number  on  location  of  attachment  point.  It  was  found 
that  a  hysteresis  effect  occurred  for  flow  attachment  in  terms  of  an 
upper  and  lower  Reynolds  number.  Experiments  and  flow  visualization 
were  done  for  low  speed  water  flows.  The  experiments  were  done  for  a 
three-dimensional,  rectangular  exit  nozzle  geometry  roughly 
approximating  two-dimensional  conditions.  No  theory  was  developed  in 
this  reference. 
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The  most  recent  work  located  on  this  topic  was  that  of  Hoch  and 

g 

JiJi  .  They  extend  the  theory  of  references  5  and  6  and  develop  a 
theoretical  model  to  predict  incompressible  jet  reattachment  in  the 
presence  of  a  parallel  free  stream.  More  realistic  assumptions  are 
made  for  pressure,  velocity,  and  jet  radius  of  curvature  in  the 
preattachment  region.  The  model  uses  boundary  layer  type  velocity 
profiles  and  a  semi -empirical  pressure  spread  coefficient  determined 
from  comparisons  with  experimental  data.  Good  correlation  is  obtained 
between  theory  and  experimental  data. 

A  study  of  a  thrust  reverser* s  effect  on  the  exhaust  jet  flow 
field  was  performed  by  Sarpkaya  and  Hiriart1^.  A  detailed  study  was 
made  of  the  effect  of  various  thrust  reverser  shapes  on  the  shape  and 
orientation  of  the  flow  leaving  the  reverser.  However,  no  work  was 
done  on  subsequent  reattachment  of  the  jet  to  the  aircraft  afterbody. 

It  is  seen  that  no  work  appears  to  have  been  done  on  the  problem 
of  the  reattachment  of  an  axisymmetric  jet  to  an  aircraft  afterbody. 


III.  Development  of  Theory 

A  number  of  possible  theoretical  approaches  are  possible  —  the 
one  to  be  taken  based  on  time  and  funds  available  for  the  conduct  of 
the  project.  Various  potential  flow  and  perfect  fluid  theories  are 
available,  a  number  of  these  available  in  computer  code  form,  such  as 
finite  difference  and  finite  element  analyses.  These  might  be  useful 


in  determining  the  pressure  and  velocity  field  In  the  neighborhood  of 
the  jet,  but  cannot  be  used  to  determine  the  j  t  behavior  itself  (such 
as  attachment  conditions),  because  the  attachment  effect  is  a  viscous 


entrainment  phenomenon. 
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Ordinary  viscous  flow  theories,  such  as  boundary  layer  programs, 
will  probably  not  be  directly  useful  either,  since  they  do  not  allow 
for  the  type  of  fluid  entrainment  and  flow  against  a  primary  main 
stream  that  is  occurring  in  this  problem. 

Considerable  time  was  spent  reviewing  different  theoretical 
approaches  that  might  be  applied  to  the  problem,  including  the 
advanced  methods  presented  in  references  11  and  12.  Based  on  this 
review,  it  was  decided  that  the  time  and  funds  available  would  have  to 
limit  the  study  to  the  development  of  a  basic  theory  to  predict  the 
essential  characteristics  of  the  flow  being  studied.  As  will  be  seen 
in  later  sections,  some  of  the  inputs  to  the  theory  required  obtaining 
some  experimental  data,  and  a  slight  shift  in  the  emphasis  originally 
proposed. 

Assumptions  and  Equations 

The  approach  used  for  this  investigation  is  illustrated  in  Figure 
1,  The  flow  from  the  nozzle  afterbody  exits  rearward  in  the  *1 


free-strea«  flow 


Exhaust  Jet 


Side  View 


Separation 
bubble 


Tu»v‘t~typt 
liras  t  keverser 


ReatUehwent 

Streamline 


Rear  View 


Figure  1 .  Flow  Geometry  for  Reattached  Jet 


direction  until  it  hits  the  target-type  thrust  reverser,  whereupon  the 
flow  is  turned  forward  in  a  direction  generally  parallel  to  the 
sloping  afterbody  sides.  For  the  case  of  flow  reattachment,  a 
separation  bubble  Is  formed  between  the  jet  exit  and  the  point  where 
the  flow  finally  reattaches  to  the  afterbody.  The  geometry  of  the 
nozzle/afterbody  was  chosen  similar  to  one  of  those  investigated 
experimentally  for  other  effects  in  reference  13. 

The  assumptions  that  have  been  made  to  develop  the  theory  are  as 
follows: 

1)  Steady,  incompressible  flow. 

2)  Three  dimensional,  axisywnetric  flow. 

3)  Exhaust  flow  is  Newtonian  fluid. 

4)  Negligible  diffusion  between  flows. 

5)  Entrainment  of  fluid  similar  to  that  of  a  free  jet. 

This  leads  to  an  integral  approach  to  the  problem,  with  simplified 
models  for  the  entrainment  effects  and  pressure  and  velocity  profiles. 

The  geometry  used  for  derivation  of  the  equations  for  the  flow 
field  is  shown  in  Figure  2. 

The  derivation  generally  follows  the  approach  presented  in 
reference  7,  but  with  modifications  as  necessary  to  account  tor 
differences  in  geometry.  Semi -empirical  factors  for  the  theory  might 
also  be  different  and  have  to  be  obtained  from  experiments.  All 
symbols  are  defined  in  the  nomenclature  section  of  this  report. 
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Hcjufe  2.  How  Field  tear  Reattaetaent 


0) 


Tte  radius  or  curvature  of  the  exhaust  je*  is  given  by 

„ .  1W*.  >  *i  “J1 1/2 
L  •  "  **1^0  J 

The  ftoe-diuwnsioftal  distance  beu e*«  the  jet  centerline  and  tte 
boundary  nail,  A/*j  is  given  by 


a  -  R- 

5J  5j  “ 


ees  @)  ♦ 


K  -  (1  ♦  St  ♦  W  sin  @) 
wj  '2  *j  *j 


,|l/2 


(2) 


The  non-dimension*!  distance  along  tte  jet  centerline  is  given  by 


K  R 

“  ,  a  q 


(3) 
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where  the  angle  a  is  given  by 

r 

-1 


a  3  tan 


wj 


COS  8 


— r  -  (—sin  «  +  --  ♦"!) 
wj  'wj  wj  2 


(4) 


The  velocity  distribution  in  the  jet  is  assumed  to  satisfy 


equation 
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The  position  of  the  separation  streamline,  5/wj,  is  obt/;>ed  by 
numerically  integrating  the  mass  flow  in  the  jet  from  the  .enterline 
for  small  increases  in  y/wj,  assuBving  the  jet  characteristics  upstream 
of  reattachment  are  given  by  ($).  The  integration  is  continued  until 
the  mass  flow  equals  one-half  the  mass  flow  in  the  jet  at  the  point 
where  it  leaves  the  thrust  reverser.  The  resulting  value  of  y/wj  is 
taken  as  che  position  of  the  separation  streamline. 

With  6/wj  known,  equations  (!)  through  (4)  can  be  used  to 
calculate  the  reattachaent  location  as  a  function  of  the  an  pressure 
in  the  separation  bubble  using  the  condition  that  a/wj  »  S/wj  at 
reattachaent. 

The  mean  pressure  in  the  separation  bubble,  divided  by  the 
pressure  on  the  free  boundary  of  the  jet  becomes 


pi  a  k.  <Ps  A'  cos  ft  Podo  #2.1  Rjwj  ... 

pe  vo 


In  this  equation,  Ip  s  the  taowentuw  of  all  the  flow  in  the  downstream 
direction  at  *7wj,  and  is  the  woeentum  of  the  downstream  flow  at 
x'/wj  that  is  reversed  back  into  the  separation  bubble  at  reattach- 
went.  The  stagnation  pressure  on  the  separation  streamline  is  given 
by  P,»  and  IL,  is  an  empirical  constant  related  to  the  fraction  of 
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pressure  force  effective  in  reversing  the  flow  momentum  at 
reattachment. 


The  area  expressions  in  equation  (6)  are  given  in  equations  (7) 
and  (8): 

A  =  2nR 1  (s  +  L‘  sin  e)  +  n  (s  +  L'  sin  e)2  cos  (e  +  <j>)  (7) 

A'  =  2nR'  (A1  -  o')  +  n  (A1  -  a1)2  cos  [a  -  (8  +  <j>)]  (8) 

In  equation  (7),  L1  is  the  value  of  L  to  the  point  in  the  jet  where 
the  static  pressure  can  be  assumed  constant  across  the  jet  and  equal 
to  the  static  pressure  on  the  outer  boundary  of  the  jet.  The  location 
of  this  downstream  boundary  at  x'/wj  is  taken  as  some  fraction  K-j  of 
the  value  of  x/wj  at  reattachment.  The  value  of  must  be  determined 
empirically. 

Solution  of  Equations 

Equations  (1)  through  (8)  can  be  solved  by  an  iteration  technique 
similar  to  that  proposed  in  reference  (7)  to  determine  the  jet 
reattachment  location  for  the  case  where  there  is  a  reattaching 
exhaust  jet  flow  but  no  opposing  free  stream  flow.  The  equations  also 
give  the  jet  trajectory  in  the  preattachment  region,  the  axial 
velocity  decay  in  the  jet,  and  the  wall  pressure  in  the  separation 
bubble.  The  case  of  free  stream  flow  is  discussed  in  Section  VI. 

In  order  to  solve  these  equations,  however,  two  empirical 
constants,  and  are  needed,  as  well  as  use  of  an  empirical  jet 
spread  equation.  Evaluation  of  the  existing  literature  has  revealed 
no  available  jet  spread  equation  for  axisymuetric  flow  that  can  be 


usee-  as  a  more  accurate  replacement  for  equation  (5).  This  equation 
predicts  the  effects  of  both  jet  spread  and  entrainment  for  a  two 
dimensional  jet. 

To  validate  any  solutions  from  the  theory  outlined  above,  some 
experimental  data  will  eventually  be  needed.  Thus,  it  became  apparent 
that  some  change  in  the  emphasis  of  the  original  research  proposal 
would  be  necessary,  a  change  from  a  completely  theoretical  study  to  a 
theoretical  study  supplemented  by  experiments.  As  a  result,  a 
parallel  experimental  study  was  undertaken  and  is  described  in  the 
next  section.  Some  results  of  the  theory  are  discussed  in  Section  V. 

IV.  Experimental  Work 

Figure  3  is  an  illustration  of  a  model  that  has  been  constructed 
to  study  flow  reattachment  in  three-dimensional  axisymmetric  flow. 

The  nozzle-afterbody  section  of  the  model  is  similar  in  design  to  one 
used  in  tests  reported  in  reference  13. 


Figure  3,  Schematic  of  Model  Used  for  Experiments 
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The  model  is  provided  with  compressed  air  which  discharges 
through  a  conventional  aft-mounted  nozzle.  Not  shown  in  the  figure  is 
a  target-type  thrust  reverser  which  causes  the  exhaust  to  flow  forward 
along  the  afterbody.  Four  static  pressure  orifices  located  along  the 
afterbody  were  used  to  measure  pressures. 

Figures  4a  and  4b  are  photographs  of  the  model  and  its  mounting 
for  the  University  of  Lowell  low  speed  wind  tunnel.  Tests  were 
conducted  at  several  free-stream  velocities  and  nozzle  pressure 
ratios,  and  at  various  thrust  reverser  set-back  distances.  Two  sizes 
of  nozzle  throat  opening  were  tested. 

A  matrix  of  the  more  important  conditions  tested  is  given  in 
Table  1.  Tests  were  made  at  other  conditions  also,  but  are  not 
reported  in  this  study. 
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Table  1 


Test  Condition  Matrix 


Test 

Nos. 

Thrust  Reverser 
Configuration 

Distance  reverser 
mounted  aft  of 
nozzle  exit 
(inches) 

Nozzle  stagna¬ 
tion  pressure 

(psig) 

Free-stream 

velocities* 

(fps) 

1-3 

Not  in 

stalled 

. 

0 

51 .3,  58 

.7,  70.4 

4-6 

- 

- 

30 

7-9 

Installed 

0. 

25 

0 

10-12 

10 

13-15 

15 

16-18 

20 

19-21 

25 

22-24 

\ 

/ 

30 

25-27 

Inst 

filed 

0. 

>50 

0 

28-30 

10 

31-33 

15 

34-36 

20 

37-39 

25 

40-42 

\ 

f 

> 

/ 

30 

> 

/ 

*Note 

:  Tests  were  also  run  at  zero  free-stream  velocity. 

Test  Results 

Static  pressures  were  measured  at  four  locations  on  the  afterbody 
and  at  several  forward  stations  as  well.  These  pressures  were 
converted  into  pressure  coefficients.  Plots  of  pressure  coefficient 
versus  body  location  are  presented  in  Appendix  R. 

The  test  data  are  discussed  in  Section  V. 
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V.  Solution  of  Flow  Equations 


Time  and  funds  available  did  not  allow  completion  of  the  solution 
of  the  equations  or  a  complete  interpretation  of  the  test  data. 

However  a  representative  test  case  for  no  free  stream  flow  was  chosen 
and  programmed  for  solution  on  the  computer.  The  input  data  for  this 
case  are  summarized  in  Table  2  below. 


Table  2 

Flow  Input.  Conditions 

Geometry: 

Afterbody  surface  slope,  a 

15° 

Angle  between  initial  jet  direction 
and  afterbody,  0 

o 

O 

CO 

Base  radius  of  afterbody,  Rb 

0.277  In. 

Initial  width  of  jet,  w^ 

0.0021  in. 

Jet  setback  distance,  s 

0.175  in. 

Flow  Conditions: 

Jet  density,  o 

0.00444  si /ft3 

Initial  jet  velocity,  uQ 

1031  fps 

Free  stream  pressure,  pQ 

2101  psfa 

Jet  spread  parameter,  a 

7.7 

The  equations  were  programmed  in  Fortran  IV  for  solution  on  the 
University  of  Lowell  Computer  System,  using  a  program  called  ATTACH. 


Appendix  A  contains  a  printout  of  the  program  statements  and 
output,  for  one  particular  case  corresponding  to  experimental  data. 

A  plot  of  the  Jet  trajectory  and  spread  rate  for  a  wall  pressure 
of  pj  ■  2099  psfa  is  shown  In  Figure  5.  These  plots  are  from  the 


Reattaching  Streamline  Coordinate,  6  -  ft.  Jet  Centerline  Velocity 
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Distance  Along  Afterbody,  L  ~  ft. 


Figure  5a.  Variation  of  Jet  Centerline  Velocity 


Figure  5b.  Jet  Spread  Variation 
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computer  output  of  Appendix  A.  The  available  time  and  funds  for  this 
research  project  did  not  allow  the  comparison  of  these  calculations 
with  the  test  data  shown  in  Appendix  B. 

VI.  Recommendations  for  Future  Work 

The  following  recommendations  are  made  for  additional  work  in 
this  area: 

1)  Completion  of  programming  the  equations  and  verification  of 
their  validity  for  certain  flow  conditions. 

2)  Extension  of  the  development  and  solution  of  the  equations 
to  the  case  of  an  opposing  free  stream  flow. 

The  following  experimental  work  is  needed  to  verify  some  of  the 
assumptions  used  in  the  theory: 

3)  Flow  visualization  at  low  Reynolds  numbers  by  using  the 
existing  model  in  a  water  channel  and  photographing  the 
extent  of  the  reversed  flow  in  an  opposing  free  stream. 

This  would  be  done  by  using  a  colored  fluid  in  the  exhaust 
flow  to  contrast  with  clear  water  in  the  main  stream  flow. 

4)  Similar  visualization  of  the  flow  at  somewhat  higher 
Reynolds  numbers  in  the  low  speed  wind  tunnel  using  smoke  or 
steam  for  the  exhaust  flow  and  air  for  the  opposing  flow. 

The  experiments  described  in  items  3  and  4  will  provide  important 
information  on  attachment,  the  extent  of  reversed  flow  against  the 
main  stream,  and  verification  of  the  selection  of  suitable  values  for 
the  constants  K^  and  Kg  and  the  jet  spread  equation. 


VII.  Conclusions 

The  equations  have  been  derived  for  the  case  of  attached  flow 
from  a  thrust  reverser  impinging  on  a  nozzle-afterbody.  These 
equations  were  derived  for  the  case  of  no  opposing  free  stream  flow. 
The  portion  of  these  equations  for  the  jet  spread  and  jet  trajectory 
have  been  programmed  in  Fortran  IV  and  solved  on  a  computer. 

Experiments  have  been  conducted  on  a  small  scale  model  with  a 
target  type  thrust  reverser,  and  measurements  have  been  made  of 
surface  pressure  distribution  for  various  combinations  of  nozzle  flow 
and  free  stream  velocity. 

Recommendations  have  been  made  for  future  work.  These  include 
additional  experiments  in  flow  visualization  to  aid  in  determining 
empirical  constants  required  in  the  theory,  and  an  extension  of  the 
theory  to  the  case  of  an  opposing  free-stream  flow. 
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Nomenclature 


Symbol 


Definition 


Term  expressing  area  function  in  control  volume 

Angle  to  particular  location  in  jet 

Value  of  a  at  reattachment 

Term  expressing  area  function  in  control -volume 

Surface  pressure  coefficient,  p-p  / i  pV  d 

Distance  from  surface  to  jet  centerline0 

V-5’  se  of  A  at  reattachment  point 

.ue  of  y  at  reattachment  streamline  border 
ui stance  from  jet  center  to  reattaching  streamline 
Fraction  of  distance  in  momentum  equation 
Fractional  portion  of  pressure  difference 
(p  -p  )  effective  in  returning  flow 
Distance  along  surface  of  afterbody 
Surface  distance  to  point  where  surface  pressure 
equals  jet  pressure 
Local  surface  pressure 
Pressure  external  to  jet  (p  =p  ) 

Pressure  inside  separation  Bubble 

No2zle  stagnation  pressure 

Afterbody  surface  slope 

Jet  and  external  pressure 

Stagnation  pressure  on  reattaching  streamline 

Radius  of  center  streamline  of  jet 

Base  radius  of  afterbody 

Density  of  tunnel  flow 

Density  of  jet 

Radius  to  annular  jet  from  reverser 
Afterbody  radius  to  point  where  1=1' 

Jet  setback  distance 

Jet  spreau  parameter 

Angle  between  initial  jet  direction  and 

afterbody  surface 

Velocity  at  any  general  position  in  jet 

Initial  jet  velocity 

Tunnel  test  section  velocity 

Width  or  thickness  of  annular  jet 

Distance  along  curved  center  streamline 

Coordinate  perpendicular  to  center  streamline 

Initial  momentum  of  jet 

Fraction  of  forward  mowentu®  entrained 

Momentum  of  return  flow  fro®  jet 

Momentum  of  jet  at  nozzle  exit 

Distance  measured  back  to  theoretical  jet  exit, 

or  thrust  reverser  setback 

Value  of  x  at  reattachment  location 
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APPENDIX  B 

Summary  of  Test  Data 
Pressure  Coefficient  Plots 
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